Abstract Homologous recombination-mediated DNA repair is essential for maintaining genome integrity. It is a multi-step process that involves resection of DNA ends, strand invasion, DNA synthesis and/or DNA end ligation, and finally, the processing of recombination intermediates such as Holliday junctions or other joint molecules. Over the last 15 years, it has been established that the Slx4 protein plays key roles in the processing of recombination intermediates, functioning as a scaffold to coordinate the action of structure-specific endonucleases. Recent work in budding yeast has uncovered unexpected roles for Slx4 in the initial step of DNA-end resection and in the modulation of DNA damage checkpoint signaling. Here we review these latest findings and discuss the emerging role of yeast Slx4 as an important coordinator of DNA damage signaling responses and a regulator of multiple steps in homologous recombination-mediated repair.
Introduction
Homologous recombination (HR) is essential for the proper repair of double-strand breaks (DSBs) and several types of replication-associated structures, including collapsed replication forks and ssDNA gaps (Heyer 2015) . Not surprisingly, mutations in genes involved in HR are often linked to human diseases, especially cancer predisposition syndromes (Aparicio et al. 2014; Digweed and Sperling 2004; Luo et al. 2000; Moynahan and Jasin 2010) . On the other hand, recombination has also the potential to result in genomic instability, such as increased levels of gross chromosomal rearrangements, due to recombination between non-allelic sequences (Carr and Lambert 2013; Kolodner et al. 2002) .
HR is a multi-step process that is initiated by 5′ to 3′ exonucleolytic degradation (DNA-end resection) of the DNA lesion, which provides a 3′ ssDNA overhang for the strand exchange protein Rad51 to guide strand invasion and search for homology (for recent reviews please see Cejka (2015) , Heyer (2015) , Huertas (2010) , and Symington (2014) ). Successful homology search and subsequent DNA synthesis leads to the formation of recombination intermediates such as Holliday junctions (HJs) that physically link sister chromatids. Disentanglement of these joint DNA molecules (JMs) marks the completion of HR-mediated repair, which needs to occur before chromosomal segregation. This crucial step of JM processing is achieved through either topological dissolution mediated by the Sgs1-Top3-Rmi1 complex (BLM-TOP3α-RMI1-RMI2 in mammals) (Cejka et al. 2012) or via nucleolytic resolution mediated by structurespecific endonucleases such as Slx1-Slx4, Mus81-Mms4, and Yen1 (SLX1-SLX4; MUS81-EME1 and GEN1 in mammals respectively) (Wyatt and West 2014) . How cells ensure the proper spatiotemporal coordination of these distinct steps in HR-mediated repair, especially in the context of DNA lesions occurring during DNA replication, remains a major question.
Here, we review the roles of the Slx4 scaffold in the regulation of HR-mediated repair in the model organism Saccharomyces cerevisiae. While Slx4 is known to play roles in the processing of recombination intermediates by coordinating the action of structure-specific endonucleases, recent studies in budding yeast have revealed additional key roles for Slx4 in other aspects of the DNA damage response and HR repair, including the control of DNA damage checkpoint signaling (DDC) and DNA-end resection, the first step of HR (Fig. 1) . Here, we discuss how these emerging roles for yeast Slx4 are now positioning this scaffold protein as a central regulator of multiple steps in HR repair and DNA damage signaling responses.
Slx4 as a scaffold for coordination of structure-specific endonucleases Slx4 was initially identified in budding yeast in a screen for genes required for cell viability in the absence of the DNA helicase Sgs1 (Mullen et al. 2001) . The screen also identified additional BSLX^(synthetic lethal of unknown, Bx^, function) genes that included the structure-specific nucleases Slx1 and Mus81-Mms4 (Slx3-Slx2). Sgs1 is required for JM processing via dissolution, which in mitotic cells is heavily favored over resolution as the latter can lead to deleterious crossover events (Wu and Hickson 2003) . In the absence of Sgs1, the roles of Slx1 and Mus81-Mms4 become critical, especially for the processing of stalled forks generated at hard-to-replicate regions, such as the rDNA locus (Ii et al. 2007; Kaliraman and Brill 2002) . Slx4 physically interacts with multiple structurespecific endonucleases and is believed to serve as a platform for the coordination of their action (Flott et al. 2007; Fricke and Brill 2003) (Fig. 2) . While Slx4 orthologues are found from yeast to higher eukaryotes (Andersen et al. 2009; Fekairi et al. 2009; Munoz et al. 2009; Saito et al. 2009; Svendsen et al. 2009 ), they share low amino acid identity with the exception of a conserved C-terminus region consisting of a SAP motif (for SAF-A/B, acinus, and PIAS) that is present in many DNA repair proteins (Aravind and Koonin 2000) , and a HtH domain (helix-turn-helix). Strikingly, the ability of Slx4 to physically interact with structure-specific endonucleases is largely conserved from yeast to humans (Fig. 2) . Early studies in yeast have revealed that Slx4 physically interacts with Slx1 and with the Rad1-Rad10 complex (ERCC4 (XPF)-ERCC1 in mammals), another structure-specific endonuclease that is not an SLX gene (Flott et al. 2007 ). Subsequent reports in mammals have identified similar interactions, in addition to an interaction with the MUS81-EME1 nuclease (yeast Mus81-Mms4) (Fekairi et al. 2009; Svendsen et al. 2009 Recently, yeast Slx4 was found to also form a complex with Mus81-Mms4 (Gritenaite et al. 2014) . Slx1 is a structure-specific endonuclease that cleaves a wide range of DNA substrates in vitro, but with a preference for 5′-flaps structures in yeast (Coulon et al. 2004; Fricke and Brill 2003; Munoz-Galvan et al. 2012) . The interaction of Slx4 with Slx1 is mediated by Slx4's HtH domain (Fig. 2) and a recent structural study in Candida glabrata showed that the interaction is responsible for dissociating an inactive Slx1 homodimer to promote its endonuclease activity (Gaur et al. 2015) . The importance of Slx1-Slx4, especially in the absence of Sgs1, is likely associated with the fact that replication forks stall with high frequency at the rDNA locus due to the presence of a polar replication fork barrier (RFB) (Brewer and Fangman 1988; Linskens and Huberman 1988) . As a consequence, the processing of replication intermediates seems required for proper recovery and restart of these stalled forks (Coulon et al. 2004; Fricke and Brill 2003; Kaliraman and Brill 2002) . The role of Slx4 in controlling the action of Slx1 is likely what accounts for the synthetic lethality observed upon deletion of SLX4 and SGS1.
Less is understood about the interaction of Slx4 with Rad1-Rad10. Rad1-Rad10 is required for repair of UV lesions by nucleotide excision repair (NER) and is involved in the repair of DSBs by single-strand annealing (SSA) (Ciccia et al. 2008) . It has been proposed that the interaction of Slx4 and Rad1-Rad10 is important for SSA repair, as cells lacking SLX4 are deficient for SSA, but not for NER (Flott et al. 2007; Li et al. 2008) . However, it remains unclear exactly how Slx4 interacts with Rad1-Rad10 and if the interaction plays a role in the regulation of Rad1-Rad10 action. A more recent study suggested a role of the Saw1 scaffold in bridging the Slx4 and Rad1-Rad10 interaction and coordinating their functions (Sarangi et al. 2014) . Because human SLX4 binds to XPF-ERCC1 through a long N-terminal region that is absent in yeast Slx4 (Fig. 2) , it was proposed that Saw1 may serve the function of the human N-terminal region.
Finally, yeast Slx4 was also shown to indirectly interact with the Mus81-Mms4 nuclease via a phosphorylation mechanism that also involves additional protein scaffolds (Gritenaite et al. 2014) . Human SLX4 interacts with MUS81-EME1 through its SAP domain (Fig. 2) , and this interaction seems to be crucial for the processing of HJs formed during sister chromatid exchange (Wyatt et al. 2013) . However, the functional relevance of the ability of Slx4 to form a complex with Mus81-Mms4 in budding yeast has yet to be established. While it is tempting to extrapolate the identified physical interaction into a role for Slx4 in controlling Mus81-Mms4-mediated resolution, recent findings pointing to roles for Slx4 in the regulation of DNA damage checkpoint signaling and DNA-end resection (see below) reveal a more complex scenario by which Slx4 may be coordinating HR-mediated repair. For more detailed information regarding the roles of Slx4 in the coordination of structurespecific endonucleases, especially in mammals, we refer to recent excellent reviews (Matos and West 2014; Nowotny and Gaur 2016; Rass 2013; Wyatt and West 2014) .
Slx4 interactions with multi-BRCT domain proteins point to functions beyond nuclease scaffolding
Recent reports show that Slx4 controls important aspects of the DNA damage response independently of structure-specific endonucleases. Yeast cells lacking SLX4 are particularly sensitive to methyl methanesulfonate (MMS) (Chang et al. 2002; Fricke and Brill 2003) , an alkylating agent that methylates Dashed lines indicate indirect interaction or lack of evidence for a direct interaction. UBZ ubiquitinbinding zinc-finger domain, BTB broad-complex, tramtrack, bric-abrac domain, MLR MEI9 XPF interaction like region, SAP SAF-A/ B, acinus and PIAS motif, HtH helix-turn-helix motif DNA, leading to replication blocks that are frequently bypassed by replication forks via recombination-mediated template-switching events (Branzei and Foiani 2010) . Notably, upon MMS treatment, cells lacking SLX4 display hyperactivation of the DNA damage checkpoint kinase Rad53 (CHK1/CHK2 in mammals) (Flott and Rouse 2005; Ohouo et al. 2013 ). However, deletion of any of the nucleases known to interact with Slx4 does not lead to hyperactivation of the checkpoint (Cussiol et al. 2015; Ohouo et al. 2013) . Based on these observations, it has been postulated that Slx4 must modulate the DNA damage response independently of structure-specific endonucleases (Ohouo et al. 2013) . As discussed later, it is now clear that physical interactions of Slx4 with Rtt107 and Dpb11 (PTIP and TopBP1 in mammals respectively), two scaffolding proteins containing multiple BRCA1 C-terminus (BRCT) domains, are important for the regulation of DNA damage checkpoint signaling and DNAend resection.
A constitutive interaction with the Rtt107 scaffold Slx4 was found to interact with the multi-BRCT domain protein Rtt107 ten years ago (Roberts et al. 2006; Zappulla et al. 2006) . However, until recently, the role of this interaction has remained obscure. Rtt107 (regulator of Ty1 transposition) was initially identified in screens for mutants with increased Ty transposon mobility or DNA repair defects (Chang et al. 2002; Hanway et al. 2002; Scholes et al. 2001) . Structurally, Rtt107 contains six BRCT domains with four tandem BRCT domains at the N-terminus and two at the C-terminus (Bork et al. 1997; Chin et al. 2006; Zappulla et al. 2006) (Fig. 3a) . It is believed that only the C-terminal pair of BRCT (5/6) possesses a phospho-binding pocket capable of interacting with phosphorylated proteins (Li et al. 2012) . Slx4 constitutively interacts with Rtt107 through its N-terminal BRCT domains and the interaction is not modulated by DNA damage (Roberts et al. 2006 ). In addition to Rtt107 being the most stably associated Slx4 binding partner, pieces of evidence pointed to the importance of the joint action of the Slx4-Rtt107 complex for the response to replication stress: (i) Cells lacking Rtt107 or Slx4 have similar enhanced sensitivity to MMS and have difficulty recovering from MMS treatment (Roberts et al. 2006 ); (ii) Rtt107 and Slx4 are heavily phosphorylated by the DNA damage signaling kinase Mec1 (ATR in mammals), especially in response to MMS (Flott and Rouse 2005; Rouse 2004 ); (iii) Robust phosphorylation of Slx4 by Mec1 requires the presence of Rtt107, and vice versa (Ohouo et al. 2010; Roberts et al. 2006) . Of note, Rtt107 is not required for survival in the absence of Sgs1, indicating an Slx1-independent role for the Slx4-Rtt107 complex (Zappulla et al. 2006) . It has been proposed that the Slx4-Rtt107 complex is somehow involved in the recovery of stalled forks during replication stress and that Rtt107 works as a scaffold to recruit Slx4 to stalled replication forks (Roberts et al. 2008 ). This notion was further substantiated by the finding that Rtt107 is recruited to chromatin following replication stress via recognition of γH2A (histone H2A phosphorylated at serine 129) (Balint et al. 2015; Li et al. 2012; Williams et al. 2010) , which is generated by the DNA damage signaling kinases Mec1 and Tel1 (ATR and ATM in mammals). Structural and biochemical work have convincingly shown that such recruitment of Rtt107 is mediated by its C-terminal pair of BRCT domains (5/6) (Li et al. 2012; Williams et al. 2010) . It is important to note that Rtt107 has Slx4-independent roles as rtt107Δ slx4Δ cells are more sensitive to MMS than the single mutants, and rtt107Δ cells show enhanced sensitivity to hydroxyurea (HU) while slx4Δ cells do not (Roberts et al. 2006) . The more central role of Rtt107 is related to its interactions with other genome maintenance factors. In addition to interacting with Slx4, Rtt107 also forms complexes with the Rtt101 ubiquitin ligase complex and the cohesin-like/sumo-ligase Smc5/6 complex (Ohouo et al. 2010; Roberts et al. 2008) . These three distinct interactions occur in a mutually exclusive manner (Hang et al. 2015) , suggesting a scenario in which Rtt107 functions as a central and multifunctional scaffold for the coordination of DNA damage and replication stress responses.
A phosphorylation-regulated interaction with the Dpb11 scaffold
Mass spectrometry analysis revealed that Slx4 also interacts with Dpb11 (Ohouo et al. 2010) , an evolutionarily conserved multi-BRCT domain protein (orthologue of mammalian TopBP1) that plays essential roles in replication initiation and checkpoint activation (Garcia et al. 2005; Mordes et al. 2008; Navadgi-Patil and Burgers 2008; Tanaka et al. 2007; Zegerman and Diffley 2007) . While Slx4 directly interacts with Dpb11, Rtt107 was shown to be important to stabilize the interaction (Ohouo et al. 2010) . Importantly, the Slx4-Dpb11 interaction is mediated by BRCT domains in Dpb11, mainly BRCT-1/2, and by multiple phosphorylation sites in Slx4 (Fig. 3b) (Ohouo et al. 2010; Ohouo et al. 2013 ). The interaction is cell cycle regulated and highly dependent on a canonical CDK site on Slx4 (serine 486) (Gritenaite et al. 2014; Ohouo et al. 2013) . Furthermore, consistent with the interaction being induced by replication stress or DNA damage, mutation of seven canonical Mec1 sites (7MUT) in Slx4 strongly reduces its interaction with Dpb11 (Ohouo et al. 2010; Ohouo et al. 2013) . While yeast cells expressing the slx4-7MUT or the slx4-S486A alleles are also sensitive to MMS, they are not synthetic lethal with SGS1 deletion (Ohouo et al. 2010; Ohouo et al. 2013) . Together, these findings revealed that a phosphorylation-regulated Rtt107-Slx4-Dpb11 complex plays a key role in the response to replication stress (Fig. 3) .
Precise mechanistic understanding of the roles of the Rtt107-Slx4-Dpb11 complex emerged in recent years and points to the control of DNA damage checkpoint signaling and DNA-end resection. Upon DNA damage or replication stress, Dpb11 is recruited to DNA breaks and other replication-induced lesions such as ssDNA gaps via its interaction with Ddc1 (RAD9 in mammals), a subunit of the 9-1-1 checkpoint clamp. Recruitment of Dpb11 to 9-1-1 requires phosphorylation of Ddc1 by Mec1 at threonine 602 that is recognized by BRCT-3/4 of Dpb11 (Fig. 3a) . The phospho-dependent Dpb11-Ddc1 interaction is conserved in mammals (TopBP1-RAD9) and in both yeast and mammals, this interaction plays an important role in activation of the DNA damage checkpoint (Delacroix et al. 2007; Navadgi-Patil and Burgers 2009) . In budding yeast, both Ddc1 and Dpb11 posses a Mec1 activation domain (MAD), an unstructured region at the C-terminus of these proteins that is required for activation of the Mec1 kinase (Navadgi-Patil and Burgers 2009). In addition to its role in how the Rtt107-Slx4-Dpb11 complex is recruited to DNA lesions. Mec1 phosphorylates the Ddc1 subunit of the 9-1-1 complex (phospho-T602) and histone H2A (phospho-S129) creating docking sites that are recognized by the BRCT domains of Dpb11 (BRCT-3/4) and Rtt107 (BRCT-5/ 6), respectively
Mec1 activation, Dpb11 also binds to the checkpoint mediator Rad9 (53BP1 in mammals) in a cell cycle-dependent manner (Pfander and Diffley 2011) , which likely helps stabilize Rad9 at DNA lesions. Recruitment of Rad9 by Dpb11 enables Mec1 to extensively phosphorylate Rad9, creating docking phosphosites for the recruitment and activation of the downstream DDC kinase Rad53 (for details on Rad53 activation see Pellicioli and Foiani (2005) ). Therefore, Dpb11 is believed to form a complex with Mec1, 9-1-1, Rad9, and Rad53 at sites of lesions, functioning as a pro-checkpoint factor (Fig. 4a) . As an intrinsic part of the DNA damage checkpoint response, Rad53 signaling controls a range of functional outputs including cell cycle arrest, inhibition of DNA replication initiation and inhibition of the Exo1 nuclease involved in DNA end resection (for reviews on DNA damage checkpoint, please refer to Branzei and Foiani (2006) , Hustedt et al. (2013) , and Labib and De Piccoli (2011) ). Because the interactions of Dpb11 with Slx4 and Rad9 are largely dependent on BRCT-1/2 of Dpb11, and therefore mutually exclusive, our group proposed a model in which Slx4 binding to Dpb11 counteracts the engagement of Rad9 at DNA lesions, and thereby dampens checkpoint signaling (Fig. 4 ) (Cussiol et al. 2015; Ohouo et al. 2013 ). Noteworthy, a recent work provided evidence that the Slx4-Dpb11 interaction is mediated by BRCT-3/4 (Gritenaite et al. 2014) , in contrast to our results showing that Slx4 binds preferentially to Dpb11 BRCT-1/2 (Fig. 3c) . While we do not exclude the possibility that Slx4 adopts different modes of interaction with Dpb11, as we also observe some level of interaction of BRCT-3/4 with Slx4, more recent experiments demonstrated that mutations in BRCT-1/2 of Dpb11 dramatically reduce its interaction with Slx4, while mutations in BRCT-3/4 have relatively less impact on the interaction (Cussiol et al. 2015) . To understand the Slx4-Dpb11 interaction in greater detail, it will be important to study the interaction in vitro using synthetic phosphopeptides that mimic Slx4-phosphorylated surfaces recognized by BRCT domains of Dpb11. Such reconstitution would enable structural and more quantitative analyses. A possible scenario we envision is that the Slx4-Dpb11 interaction undergoes multiple transitions. For example, the interaction may be initiated by recognition of phosphorylated serine 486 in Slx4 via BRCT-1/2, and formation of a transient Bbridge^to 9-1-1 that disengages Rad9, as depicted in Figs. 3c and 4a . This Bbridgingĉ onfiguration would allow extensive phosphorylation of Slx4 by Mec1, creating additional phosphosites that are then recognized by BRCT-3/4. It is tempting to speculate that the ability of Slx4 to bind to multiple BRCT domains in Dpb11 may contribute to strengthening the interaction, so Slx4 may more efficiently sequester Dpb11 and prevent it from re-engaging with Rad9. While this transition would free up 9-1-1 to engage with another Dpb11 molecule, the abundance of Dpb11 in the cell is quite low (∼200 copies per cell (Ghaemmaghami et al. 2003; Mantiero et al. 2011) ), suggesting that it should become limiting.
Recruitment of Slx4 to DNA lesions
How Slx4 is recruited to sites of DNA lesions is a pivotal question for understanding its function as a bona fide scaffold in the control of DNA damage responses. Efficient recruitment of Slx4 to DNA lesions requires interactions with both Rtt107 and Dpb11 (Fig. 3c ) (Cussiol et al. 2015; Dibitetto et al. 2016) . Recent work demonstrated that recognition of γH2A and phospho-Ddc1 T602 via BRCT-5/6 of Rtt107 and BRCT-3/4 of Dpb11, respectively, is required for dampening of Rad53 signaling (Cussiol et al. 2015) . Based on the available data, Dpb11 seems particularly important for the stabilization of Slx4 precisely at the 5′ recessed end of ssDNA::dsDNA junctions formed at DSBs or ssDNA gaps (we note that the specific 
Rad53-dependent targets
Mec1-dependent, Rad53-independent targets Fig. 4 Slx4 dampens Rad53 signaling by counteracting the Rad9 checkpoint adaptor. a Working model for a competition-based mechanism by which Slx4 counteracts the engagement of Rad9 to the 5′ recessed end of a ssDNA::dsDNA junction where the 9-1-1 complex is loaded. BPî ndicates phosphorylation sites and Bm^indicates methylation of histone H3K79 (see text for details). b Simplified scheme for the role of Slx4 in modulating DNA damage signaling. In addition to uncoupling Mec1 signaling from Rad53 activation, Slx4 contributes to further potentiate Mec1 signaling, likely through the stabilization of Dpb11. As a result, Mec1 partakes on the regulation of processes such as DNA repair without invoking the canonical checkpoint response recruitment to these junctions may not parallel exactly recruitment to the long track of γH2A). Slx4 is also important to efficiently stabilize Dpb11. A Btwo-site docking^mechanism was proposed, in which the Rtt107-Slx4-Dpb11 complex recognizes phosphorylated 9-1-1 loaded at these ssDNA::dsDNA junctions, as well as a nearby γH2A-containing nucleosome (Fig. 3c) (Cussiol et al. 2015) . Notably, the proposed model predicts that Slx4 can be recruited to any DNA lesion having a ssDNA::dsDNA junction with a 5′ recessed end in which the following events occur: 9-1-1 loading, Mec1 recruitment/activation, and phosphorylation of nearby nucleosomes by Mec1. Consistent with this model, Slx4 is efficiently recruited and phosphorylated upon treatment with MMS, a genotoxin that leads to extensive accumulation of ssDNA gaps behind a moving replication fork and, therefore, multiple ssDNA::dsDNA junctions (Balint et al. 2015; Cussiol et al. 2015; Flott et al. 2007 ). In addition, resection of double-strand breaks also generates ssDNA::dsDNA junctions that should support Slx4 recruitment. Indeed, ChIP approaches were successfully used to detect recruitment of Slx4 to an HO-inducible DSB (Dibitetto et al. 2016; Leung et al. 2016; Toh et al. 2010) . Congruent with these findings, functional studies also reveal important roles for Slx4 in the response to DSBs (Dibitetto et al. 2016 ).
Slx4 recruitment to DNA lesions counteracts Rad53 signaling
A major step toward understanding the roles for Slx4 that are independent of its nuclease scaffolding functions derived from the observation that cells lacking Slx4 show Rad53 hyperactivation upon MMS treatment (Ohouo et al. 2013 ). Because Rad53 hyperactivation was not observed in cells lacking the nucleases known to interact with Slx4, we hypothesized that Slx4 is a negative regulator of DDC signaling. Importantly, slx4Δ cells did not display enhanced phosphorylation of direct targets of the upstream kinase Mec1, supporting the notion that the increased Rad53 activation in these cells is not due to the higher accumulation of damaged and unrepaired DNA (Ohouo et al. 2013) . Compelling genetic evidence of a role for Slx4 in DDC dampening came from the finding that a hypomorphic allele of Rad53 (rad53-R605A) is able to rescue the MMS sensitivity of slx4Δ cells Ohouo et al. 2013 ). Together, these observations indicate that slx4Δ cells are sensitive to MMS due to the inability of properly terminating Rad53 signaling. Because activated Rad53 represses DNA replication and cell cycle progression, it is imperative for the cells to terminate Rad53 signaling in order to resume cell growth. Mechanistically, Slx4 was found to dampen Rad53 signaling by competing with Rad9 for Dpb11 binding (Ohouo et al. 2013) (Fig. 4a) . As described above, Slx4 and Rad9 both bind to Dpb11 through a similar mode of interaction that involves BRCT-1/2 of Dpb11 (Ohouo et al. 2013 ). In addition, the Slx4-Rtt107 complex, as well as Rad9, is recruited to chromatin via a BRCT-mediated interaction with γH2A (Balint et al. 2015; Hammet et al. 2007; Li et al. 2012; Toh et al. 2006; Williams et al. 2010) . Therefore, Slx4-Rtt107 and Rad9 are recruited to DNA lesions by interacting with the same docking phosphorylation sites, implying that their recruitment is mutually exclusive. These findings led to the model where Slx4 down-regulates Rad53 signaling via a competition-based mechanism that balances the engagement of the Rad9 adaptor at DNA lesions, a process we named DAMP (Dampens checkpoint Adaptor-Mediated Phospho-signaling) (Ohouo et al. 2013) (Fig. 4a) . The checkpoint dampening function of Slx4 is not restricted to MMSinduced replication stress, and a recent report showed that slx4Δ cells do not properly down-regulate Rad53 and do not efficiently adapt to one irreparable DSB (Dibitetto et al. 2016) . Of importance, these issues were observed in rtt107Δ cells, but not in slx1Δ rad1Δ mus81Δ cells, which adapt normally to one irreparable DSB, further supporting that the Slx4-Rtt107 complex dampens the checkpoint independently of these nucleases (Dibitetto et al. 2016 ). In addition, consistent with the competition-based model, the checkpoint adaptation defect of slx4Δ cells is correlated with higher recruitment of Rad9 to regions flanking the DSB (Dibitetto et al. 2016) . In principle, the competition mechanism does not require dephosphorylation of Rad53 or Rad9, so Slx4-mediated dampening of Rad53 signaling may be considered a phosphataseindependent mechanism for down-regulating the checkpoint. Of note, Slx4-mediated dampening is thought to counteract de novo Rad53 activation, but not de-activate already activated Rad53. This latter function is mostly performed by the Pph3, Ptc2, and Ptc3 phosphatases Kim et al. 2011a; O'Neill et al. 2007; Szyjka et al. 2008 ).
Slx4 promotes DNA-end resection
Why would a bona fide HR factor such as Slx4 control Rad53 signaling? The emerging scenario in yeast is that in addition to arresting the cell cycle and inhibiting DNA replication, Rad53 activity also exerts an inhibitory effect on distinct steps of HR. Therefore, down-regulation of DDC would be critical to promote HR. Recent work revealed that the ability of Slx4 to bind to Dpb11 and counteract Rad9 recruitment is also important to promote DNA-end resection (Dibitetto et al. 2016 ). This first step in HR is best understood in the context of DSBs and requires the coordinated action of the MRX complex (MRN in mammals) and the Exo1 and Dna2 nucleases (EXO1 and DNA2 in mammals). Resection at a DSB starts through an endonucleolytic nick by the action of the MRX subunit Mre11 (MRE11 in mammals), activated by Sae2 (CtIP in mammals) close to the DSB end (Cannavo and Cejka 2014) . This action triggers a short 3′-5′ nucleolytic processing toward DNA ends and allows the more extensive 5′-3′ degradation mediated by Exo1 and Dna2, in cooperation with the RecQ helicase Sgs1 (Mimitou and Symington 2008; Symington and Gautier 2011; Zhu et al. 2008) . Importantly, Rad9 has been shown to block resection (Clerici et al. 2014; Ferrari et al. 2015; Lazzaro et al. 2008) , a function that is evolutionary conserved and well documented in the mammalian orthologue 53BP1 (Bunting et al. 2010; Chapman et al. 2013; Di Virgilio et al. 2013; Escribano-Diaz et al. 2013; Zimmermann et al. 2013) . In budding yeast, cells lacking RAD9 resect DSBs faster and more extensively (Chen et al. 2012; Clerici et al. 2014; Lazzaro et al. 2008) , and while it remains unknown how Rad9-mediated resection block is achieved, it likely involves multiple mechanisms. One mechanism apparently relies on Rad9-mediated activation of Rad53, which promotes Rad53-dependent phosphorylation and inhibition of Exo1 (CottaRamusino et al. 2005; Jia et al. 2004; Kaochar et al. 2010; Morin et al. 2008; Segurado and Diffley 2008) . This Rad53-mediated inhibition of resection is possibly complemented by the ability of Rad9 to oligomerize and form a physical block surrounding the DSB. It is tempting to speculate that the interaction of Rad9 with Dpb11 is important not only to promote Rad53 activation, but also to stabilize Rad9 at the ssDNA::dsDNA junction to efficiently mask the 5′ recessed end, therefore preventing access of Exo1 and Dna2-Sgs1. Congruent with this hypothesis, recent findings have shown that Rad9 reduces the recruitment of Exo1 and Dna2-Sgs1 to DSBs (Bonetti et al. 2015; Ngo and Lydall 2015) . Given the roles of Rad9 in blocking resection, it is logical that the ability of Slx4 to counteract Rad9 recruitment to DNA lesions would help avert the block, therefore promoting resection. Indeed, a recent paper by our groups provided experimental evidence that the Slx4-Rtt107 complex favors resection of DSBs (Dibitetto et al. 2016) . Taking advantage of a system for induction of a single irreparable DSB at a specific DNA locus by the HO endonuclease, it is possible to track the amount of ssDNA that is formed once the DSB is resected. Cells lacking SLX4 or RTT107 show a significant decrease in ssDNA accumulation at distal regions from a DSB together with a severe defect to dampen Rad53 signaling (Dibitetto et al. 2016 ). These observations may suggest that Slx4-Rtt107 is particularly important for long-range resection. Consistent with that, Slx4 was not detected close to DSB ends (Toh et al. 2010) ; however, it is recruited at a few kilobases from the break (Dibitetto et al. 2016; Leung et al. 2016) . In agreement with the notion that Slx4-Rtt107 competes with Rad9 for recruitment to DNA lesions (Fig. 4a) , decreased resection observed in cells lacking Slx4 or Rttt107 is correlated with increased binding of Rad9 to DSBs (Dibitetto et al. 2016) . Moreover, cells expressing the slx4-S486A allele phenocopy the resection defects of slx4Δ and rtt107Δ cells underlining the critical role of the Slx4-Dpb11 interaction. Collectively, these observations corroborate the proposed model for Slx4 recruitment (Fig. 3c) and reveal its role in promoting resection by counteracting Rad9 recruitment and Rad53 signaling (Fig. 4a) . While the role of resection in the repair of DSBs by HR is well established, less is known about the importance of resection for the repair of ssDNA gaps by HR. Evidence suggest that expansion of the ssDNA gaps by the action of exonucleases, especially Exo1, would be important to facilitate topological DNA transactions mediated by recombination factors (Giannattasio et al. 2010; Karras et al. 2013; Ma et al. 2013 ). In agreement with that, Exo1 overexpression can partially rescue the MMS sensitivity of slx4Δ cells (unpublished observations).
Checkpoint dampening via Slx4 helps promote Mus81-Mms4 function
In addition to promoting DNA-end resection, the ability of Slx4 to dampen the DDC seems to positively influence other steps in HR. This appears to be the case for Mus81-Mms4-mediated resolution, which is inhibited by DDC signaling. In fission yeast, Cds1 (Rad53 ortholog) binds and phosphorylates Mus81 leading to its dissociation from chromatin, thus preventing the processing of stalled forks (Kai et al. 2005) . So far a similar mechanism has not been characterized in budding yeast, but there is circumstantial evidence that DDC signaling through Rad53 inhibits Mus81-Mms4 function indirectly through inhibition of Cdc5 activity (Sanchez et al. 1999; Szakal and Branzei 2013; Zhang et al. 2009 ). Mus81-Mms4 activity is restricted to late G2/M, before chromosome segregation, when Cdc28 (CDK) and Cdc5 phosphorylate the regulatory subunit Mms4 (Gallo-Fernandez et al. 2012; ). This mechanism for temporal restriction is important to prevent premature activation of Mus81 during replication, which could lead to crossover-associated chromosome translocations as well as premature processing of joint molecules (JMs) formed between sister chromatids (Szakal and Branzei 2013) . On the other hand, inhibition of Mus81-Mms4 during G2/M would prevent the efficient processing of JMs that escape Sgs1-Top3-Rmi1-mediated dissolution leading to segregation of joint chromosomes and, consequently, chromosome breaks. Consistent with the notion that DDC hypersignaling plays an inhibitory role on Mus81-Mms4 activity, cells lacking the Rad53 phosphatase Pph3 also display MMS sensitivity that seems correlated with the inability to resolve JMs . These results point to checkpoint dampening as an important mechanism by which Slx4 favors Mus81-Mms4 action, although it remains plausible that this is also achieved via a scaffolding function. Slx4 indirectly interacts with Mus81-Mms4, in a complex that also comprises of Dpb11 and Rtt107 (Gritenaite et al. 2014) . Because the SLX4 interaction with MUS81 in human cells has been shown to be important for Holliday junction resolution (Castor et al. 2013) , it is tempting to speculate that the interaction of Slx4 with Mus81-Mms4 in budding yeast is also functionally relevant. However, there are important differences in the architecture of these complexes in yeast compared to humans (Fig. 3) , and currently, a separation-of-function mutant that specifically impairs the interaction of Slx4-Dpb11 with Mms4-Mus81 has not been generated. Therefore, the functional relevance of the interaction is yet to be determined. Overall, while yeast Slx4 is likely to play some scaffolding function for Mus81-Mms4 action, lines of evidence point to the control of DDC signaling as being a key mechanism by which Slx4 promotes Mus81-Mms4-mediated resolution.
Slx4 uncouples Mec1 signaling from Rad53 activation
The canonical DDC response involves activation of the apical kinase Mec1 followed by activation of the downstream kinase Rad53, which then mediates several of the established checkpoint outputs (Fig. 4b) . As discussed above, Rad53 signaling negatively affects HR, implying that Rad53 needs to be counteracted for pro-HR events such as resection to occur. Consistent with this notion, fork-restart after MMS-induced stalling requires Rad53 deactivation (O'Neill et al. 2007; Szyjka et al. 2008) Fig. 5 Spatiotemporal regulation of DNA damage signaling via Slx4. 1 DNA damage leads to the exposure of ssDNA that is rapidly coated by the ssDNA binding protein RPA (not depicted in the cartoon). RPA recruits the Mec1 kinase (via Ddc2 interaction) to DNA lesions, while the 9-1-1 complex is loaded at the 5′ recessed end of the ssDNA::dsDNA junction. The Ddc1 subunit of the 9-1-1 complex interacts with Mec1 through its Mec1 activation domain (MAD), hence stimulating Mec1 kinase activity. 2 Mec1 phosphorylates histone H2A (γ-H2A) and the Ddc1 subunit of the 9-1-1 (phospho-Ddc1) complex. 3 Rad9 and Dpb11 are recruited to the site of lesion via interactions with γ-H2A and phospho-Ddc1, respectively. Once recruited, Dpb11 further stimulates Mec1 kinase activity as it also possesses a MAD. Rad9 becomes extensively phosphorylated by Mec1, which promotes Rad53 recruitment creating the Rad53 activation complex. At this step, resection is not favored due to the inhibition of Exo1 by Rad53 and potentially via Rad9 oligomerization (not depicted in the picture) that could prevent exonucleases from accessing the 5′ recessed end. 4 Build up in the γ-H2A platform surrounding the lesion site helps recruit the Slx4-Rtt107 complex nearby the lesion site, leading to Slx4 phosphorylation by Mec1 (not depicted in the picture), which enhances Slx4 interaction with Dpb11 and competes out Rad9 from the site of lesion. As a result, Mec1 signaling is uncoupled from Rad53 signaling (checkpoint dampening). 5 Resection is favored as Rad53 dampening ceases Exo1 inhibition and Rad9 displacement allows accessibility of nucleases to the recessed 5′ end. 6 Increased ssDNA exposure allows more Mec1 recruitment, while stabilization of Dpb11 and 9-1-1 further stimulates Mec1 signaling that may help regulate subsequent steps in HR-mediated repair phosphorylates many proteins independently of Rad53 (Bastos de Oliveira et al. 2015; Smolka et al. 2007 ) and, in contrast to Rad53 signaling, this direct mode of Mec1 signaling apparently exerts multiple pro-HR effects. For example, it has been proposed that Mec1 phosphorylation of Rad51 promotes its ATP hydrolysis and DNA binding activity (Flott et al. 2011 ). In addition, phosphorylation of the Sae2 endonuclease by Mec1 seems to be important to promote DNA-end resection and repair by HR (Chen et al. 2015; Clerici et al. 2006; Puddu et al. 2015) . Finally, Rtt107 phosphorylation by Mec1 has been reported to be important for proper sister chromatid recombination (Ullal et al. 2011) . Therefore, the ability of Slx4 to specifically counteract Rad53 activation while maintaining active Mec1 signaling represents a clever mechanism for HR regulation (Fig. 4b) . The role of Slx4 in uncoupling Mec1 signaling from Rad53 activation was first noticed using quantitative phosphoproteomic analysis (Ohouo et al. 2013) , and more recently, the Brown lab showed that Slx4 in fact contributes to amplify Mec1 signaling, possibly by stabilizing Dpb11 (a Mec1 activator itself) at the DNA lesion (Figs. 3c and 5) (Balint et al. 2015) . In addition, Rad9 displacement and Rad53 down-regulation promotes resection, which in turn recruits more Mec1 due to increased ssDNA exposure. Taken together, these findings point to an intricate regulatory mechanism by which Slx4 controls a range of signaling events with the ultimate goal of facilitating HR (see model in Fig. 5 ).
An integrated model for HR-control via Slx4
In summary, recent reports in budding yeast have revealed unexpected new roles for Slx4 in the control of HR, suggesting a complex mode of action for this scaffold at the intersection of HR and checkpoint signaling (Fig. 6) . Importantly, it seems now clear that yeast Slx4 operates in HR control not only by serving as a scaffold for structure-specific endonucleases, but also by interacting with the BRCT-domain scaffolds Dpb11 and Rtt107 to counteract Rad9 function and regulate DDC signaling. This latter role is critical for Slx4 to function as a pro-HR factor promoting DNA-end resection and JM resolution. Figure 6 depicts our current integrated view for how Slx4 functions in the regulation of HR, differentiating the roles that are mediated via physical interaction with structurespecific nucleases and the roles promoted via counteraction of Rad9 and DDC. It remains unclear the precise contribution of the interactions between Slx4 and Mus81-Mms4 and between Slx4 and Rad1-Rad10 for JM resolution and SSA, respectively. Does mammalian SLX4 also play pro-HR roles independently of its interaction with structure-specific nucleases?
It is currently unclear whether the roles of yeast Slx4 in regulating DNA-end resection and checkpoint signaling are conserved in mammals. In humans, mutations in the SLX4 gene has not yet been established are found in Fanconi anemia (FA) patients, an autosomal recessive disease associated with congenital disorders, bone marrow failure and predisposition to cancers (Kim et al. 2011b) . The FA pathway plays established roles in protecting chromosome integrity during S-phase, especially when replication forks stall at DNA interstrand cross-links (ICLs). Furthermore, mammalian SLX4 is also important for the repair of other types of lesions induced by camptothecin and PARP inhibitors (Kim 2014 ). It will be interesting to test whether in mammals, SLX4 functions as a pro-resection factor to initiate HR-mediated repair of distinct DNA lesions. As such, it would be important to explore whether human SLX4 retained across evolution the ability to compete with 53BP1 for binding to TopBP1 (human ortholog of Dpb11) to avert a resection block. Consistent with this hypothesis, human SLX4 was shown to interact with TopBP1 in osteosarcoma tumor cells (Gritenaite et al. 2014) and be targeted by the ATR/ATM kinases (Matsuoka et al. 2007) . While there are no evidence pointing to the relevance of ATR/ATM phosphorylation in promoting binding to TopBP1, it is tempting to speculate that, like in yeast, ATR/ATM signaling may somehow facilitate SLX4 recruitment to DNA lesions. However, we do not exclude the possibility that in mammals, other protein scaffolds besides SLX4 are in fact functioning as yeast Slx4 in the coordination of ATR signaling, checkpoint responses, and HR-mediated repair. Coordination of these processes in mammals is likely to be extremely complex, so understanding the exact mechanisms by which this coordination is achieved will be an enormous challenge. Because DDC and HR dysfunctions are closely linked to many human cancers, we anticipate that a better understanding of the mechanisms interfacing DDC signaling and HR control in humans will provide important new directions to understand tumorigenesis and to develop treatment. Interestingly, a recent report pointing to roles for mammalian SLX4 in interfacing with sumoylation-mediated pathways may open new avenues to understand how SLX4 regulates DNA damage responses independently of nuclease scaffolding (Guervilly et al. 2015) .
